Abstract. Recent studies have demonstrated that inflammatory cells and inflammatory mediators are indispensable components of the tumor-initiating cell (TIC) niche and regulate the malignant behavior of TICs. However, conventional animal models for glioma-initiating cell (GIC) studies are based on the implantation of GICs from human glioblastoma (GBM) into immunodeficient mice without the regulation of immune system. Whether animal models can mimic the cellular microenvironment of malignancy and evaluate the biological features of GICs accurately is unclear. Here, we detected the biological features of neurosphere-like tumor cells derived from the murine GBM cell line GL261 (GL261-NS) and from primary human GBM (PGBM-NS) in vitro, injected GL261-NS into syngeneic C57/BL6 mouse brain and injected PGBM-NS into NOD/SCID mouse brain, respectively. The tumorigenic characteristics of the two different orthotopic transplantation models were analyzed and the histological discrepancy between grafts and human primary GBM was compared. We found that GICs enriched in GL261-NS, GL261-NS and PGBM-NS exhibited increased GIC potential and enhanced chemoresistance in vitro. GL261-NS was significantly more aggressive compared to GL261 adhesive cells (GL261-AC) in vivo and the enhanced aggression was more significant in syngeneic mice compared to immunodeficient mice. The discrepancy of tumorigenicity between GL261-NS and GL261-AC in C57/BL6 mice was also larger compared to that between PGBM-NS and PGBM-AC in immunodeficient mice. Syngrafts derived from GL261-NS in C57/BL6 mice corresponded to the human GBM histologically better, compared with xenografts derived from PGBM-NS in NOD/SCID mice, which lack inflammatory cells and inflammatory mediators. We conclude that the inflammatory niche is involved in the tumorigenicity of GICs and implantation of GL261-NS into C57/BL6 mice is a more reliable syngeneic graft model for in vivo study on GICs relative to the immunodeficiency model.
Introduction
Although there has been progress in treatment in the recent decade, patients with glioblastoma (GBM) still only have a median survival of 9 months and 5-year survival rate of 9.8% (1) . Exploration of glioma-initiating cells (GICs) impelled us to recognize the biological behavior of glioma from a new perspective. GICs are identified to be the root of tumorigenesis, invasion, angiogenesis and treatment resistance (2) . It is also regarded as the important target to treat malignant glioma (3) . Further investigation of GICs in vitro and in vivo may promote the effective strategies and methods to treat glioma.
The correct GICs sources and the suitable experimental animal models are necessary for research on GICs in vivo (4) . It has been reported that GICs could be isolated from human primary glioma samples and glioma cell lines (5) (6) (7) . A number of implanted models based on the injection of GICs into immunodeficient or immunocompetent mice are being used to investigate GICs in vivo (7) (8) (9) . However, whether these implanted models can reflect malignant biological behavior of GICs accurately is unclear.
Although human primary glioma cells preserve the majority of glioma characteristics, the heterogeneous mesenchymal microenvironment and the deficiency of immunological elements may induce the large discrepancy of biological features between human primary glioma and xenograft in immunodeficient animal. Murine malignant glioma cell line GL261 was created by intracranial injection of 3-methylcholantrene into C57/BL6 mice and widely used in glioma research (10) . In order to confirm a reliable experimental animal model for research on GICs, we isolated neurosphere-like tumor cells from GL261 (GL261-NS) and primary human glioma specimens (PGBM-NS), injected GL261-NS into C57/BL6 mice brain to
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mice: A more reliable syngeneic graft model for research on glioma-initiating cells Cell cultures. GL261 cell line was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). GL261-NS were obtained and cultured as we previously described (11) . We cultured GL261 cells and decreased one half of FBS concentration every 3 days. GL261 cells were seeded into defined stem cell medium after 6 days. GICs from human glioma tissues and adhesive glioma cells were isolated and identified as we previously described (12) . The primary tumor cells were detached with trypsin (Gibco) and suspended in defined stem cell medium described previously at a density of 1,000 cells/ml. After 7 days, the spheres appeared. Statistical analysis. Data were analyzed with SPSS10.0 statistical software. When two groups were compared, the unpaired dependent sample t-test was used. P<0.05 was considered statistically significant.
Results

Stem cell markers were upregulated in GL261-NS and PGBM-NS.
We seeded GL261 cells and decreased one half of FBS concentration every 3 days. When the FBS concentration was reduced to 2.5%, cell clusters at the top of adhesive cells (Fig. 1A ) were collected and suspended in defined stem cell medium. These single cells developed into neurospheres containing 10-20 cells after 6 days (Fig. 1B) . After 2 weeks, the size of these spheres expanded 10-to 30-fold (Fig. 1C) . Immunofluorescence staining showed majority of tumor cells in neurospheres were positive for CD133, Nestin and Olig2 ( Fig. 1D-F ). Flow cytometry confirmed that the percentages of GL261-NS that were positive for GFAP, MAP2 and MBP were, respectively, 2.1±0.7, 1.7±0.6 and 0.3±0.07% ( Fig. 1J-L) . However, the percentage of GL261-NS was positive for CD133, Nestin and Olig2 were 25.3±3.9, 72.5±6.8 and 81.3±5.5%, respectively ( Fig. 1G-I ).
When cultured in medium with FBS, GL261-NS adhered to the bottom of culture flask. After 5 days, all the cells in the neurosphere migrated out from the spheres and differentiated into GL261-AC ( Fig. 2A and B) . Immunofluorescence staining confirmed GL261-AC expressed only slightly stems cell markers (data not shown) and differentiated into cells that were positive for GFAP, MAP2 and MBP ( Fig. 2C-E ). Flow cytometry showed that the percentage of GL261-AC positive for GFAP, MAP2 and MBP was 76.3±6.5, 64.6±7.7 and 8.3±1.7%, respectively (Fig. 2F) . However, the percentage of GL261-AC positive for CD133, Nestin and Olig2 was 1.3±0.4, 27.1±5.6 and 3.9±0.8% respectively (Fig. 2G) . We also isolated PGBM-NS from five GBM multiform patients (Table I ). The PGBM-NS expressed CD133 (47.1±25.6%), Nestin (68.8±12.3%) and Olig2 (55.4±29.8%). It is noteworthy that the percentage of PGBM-NS positive for stem cell markers largely varied among individuals (Fig. 2J ).
GL261-NS and PGBM-NS exhibit increased self-renewal potential and chemoresistance.
The ability of colony formation in define stem cell medium represented the self-renewal potential (13), we seeded GL261-NS and GL261-AC in suspension cultures, GL261-NS showed an ~21-fold increase in tumorsphere-forming capacity compared to GL261-AC (64.7±7.7 versus 3.3±1.5 spheres per 100 cells; Fig. 3A and B) . Although PGBM-NS also possessed a self-renewal potential as strong as GL261-NS (59.0±13.0 spheres per 100 cells), PGBM-AC showed a higher percentage of colony-forming units (14.6±5.2 spheres per 100 cells) than GL261-AC. So, PGBM-NS showed only an ~4-fold increase in tumorsphereforming capacity compared to PGBM-AC (Fig. 3B) . It has been reported that drug treatment of glioma cell populations induces enrichment of GICs (8, 14) . We found that GL261-NS and PGBM-NS were both more resistant than GL261-AC and PGBM-AC to nimustine, the commonly used chemotherapeutic drugs. Primary glioma cells possessed stronger resistance to nimustine than GL261 cells. GL261-NS showed ~30-fold increase in IC 50 of nimustine compared with GL261-AC, whereas PGBM-NS showed only 3-fold increase in IC 50 of nimustine compared with PGBM-AC ( Fig. 3C and D) .
Neurosphere-like glioma cells show more enhanced tumorigenicity in syngeneic graft model than in heterogeneous immunodeficiency model. Many studies have reported that PGBM-NS showed enhanced tumorigenicity in immunodeficient mice (15) (16) (17) (18) . We postulated that this model might not be able to reveal the biological feature of GICs accurately because of immunodeficiency and individual differences among patients. To test this hypothesis, we assessed the functional potential of GICs by detecting their in vivo tumorseeding ability. We confirmed that GL261-NS possessed stronger tumorigenicity than GL261-AC in C57/BL6 mice. Hemorrhage and necrosis appeared at the inoculation sites in the 5x10 3 GL261-NS injection group. However, there is no abnormality in the inoculation sites of GL261-AC injection group (Fig. 4A) . The xenografts derived from GL261-NS showed the typical features of human GBM, obvious cellular atypia, high density of micro-vessels and numerous abnormal mitotic figures. The margins between tumor and normal brain tissue were unclear, showing intraparenchymal invasion pattern of the tumors. In contrast, tumors formed by GL261-AC rarely showed histological characteristics of malignant glioma (Fig. 4A) . Kaplan-Meier survival analysis confirmed that GL261-NS is significantly more aggressive than GL261-AC in C57/BL6 mice. The median survival of mice injected with 5x10 3 GL261-NS was 48.8±11.8 days, whereas only one mouse injected with 5x10 3 GL261-AC was dead at 56 days after inoculation, the other four mice were all alive at 100 days (P<0.01). However, we did not find significant difference in survival time between 5x10 4 GL261-NS group (23.4±4.6 days) and 5x10 4 GL261-AC group (29.8±6.4 days, P= 0.105) (Fig. 4B) . Unexpectedly, GL261-NS did not show enhanced tumorigenicity in immunodeficient mice, there was no significant difference in survival time of NOD/SCID mice between 5x10 3 GL261-NS group (35.4±5.4 days) and 5x10 3 GL261-AC group (37.8±5.5 days, P=0.505), the survival time of NOD/SCID mice was shorter than C57/BL6 mice when injected with the equal number of tumor cells (Fig. 4C) . We inoculated orthotopically 3x10 4 GL261-AC and 3x10 4 GL261-NS respectively into C57/BL6 mice, and treated these mice with nimustine (5 mg/kg) or vehicle after 7 days of inoculation with daily administration. Nimustine-treated animals seeded with GL261-AC showed an obvious trend toward better prognosis compared to vehicle-treated animals, the survival time was from 29.8±6.4 to 43.8±9.1 days. But the treatment of nimustine had less impact on survival in animals injected with GL261-NS, which indicated GL261-NS possessed increased drug resistance relative to GL261-AC in vivo (Fig. 4D) . Tumorseeding assay with different cellular amounts indicated that tumors could be generated with 1x10 2 GL261-NS in C57/ BL6 mice, which was 50-fold less than the cellular number of GL261-AC that was required for tumor survival. However, the discrepancy of tumor-seeding ability between GL261-NS and GL261-AC did not appear in NOD/SCID mice. The amount of PGBM-NS that was needed to generate a tumor was ~10-fold less than that of PGBM-AC in NOD/SCID mice (Fig. 4E) .
Glioma derived from GL261-NS in C57/BL6 mimicked the primary human glioma histologically better than glioma derived from PGBM-NS in NOD/SCID mice.
Grafts formed by GL261-NS and PGBM-NS both grew rapidly with pleomorphism and high density of microvessels, which are typically seen in human GBM multiforme (Fig. 5A-C) . Immunocytes and immunomediators that are indispensable components of the neoplastic microenvironment can modulate the biological behavior of malignances (19) (20) (21) . IHC showed various immunocytes, including macrophage, DC, B cell and T cell, infiltrated into the tumor region of primary GBM (22) (23) (24) . Similar composition and percentage of infiltrating immunocytes could be detected in grafts formed by GL261-NS in C57/ BL6 mice, but not in grafts formed by human PGBM-NS in immunodeficient mice (Fig. 5A-C) . Similarly, many kinds of immunomediators, such as IL-2, IL-4, B7-1, IL-8, which play important roles in human primary glioma immunity were absent or reduced in grafts formed by human PGBM-NS in immunodeficient mice ( Fig. 5D and E) . Because of the lack of impacts from immune system, the orthotopic implantation of human PGBM-NS in immunodeficient mice may not be a reliable model to evaluate the biological characteristics of GICs in vivo, the syngeneic glioma implantation model made by GL261-NS in C57/BL6 mice was more desirable.
Discussion
The high incidence, high mortality and limited advances in glioma treatment impelled us to inspect the methodology and technology of glioma research (25) . GICs have been recognized as the insurmountable obstacle for glioma curability (26) (27) (28) . The experience from the normal stem cell research indicates the stem cell niche is essential for regulating the biological behavior of stem cell, the stem cells which break away from the niche can not maintain stemness and original characteristics (29) . Recent studies confirmed inflammatory cells are the indispensable components of the tumor stem cell niche, inflammatory cells and inflammatory mediators regulate the malignant behavior of tumor stem cells (30, 31) . However, the conventional model for in vivo assay is engrafting GICs into immunodeficient animals. It is unclear whether the research model lacking regulation of immune system can reflect the malignant behavior of GICs in vivo. We found that GICs were enriched in GL261-NS which showed potential for self-renewal and multi-directional differentiation. GL261-NS expressed neural stem cell markers and possessed stronger chemoresistance than GL261-AC in vitro and in vivo. The differences of tumor-seeding ability between GICs and adhesive glioma cells were shown more adequately in the syngeneic graft model, compared with the heterogenic immunodeficient model. Inflammatory components of glioma in C57/BL6 mice mimicked primary GBM much more closely than the components in NOD/SCID mice.
Animal models of glioma can be divided into three categories: the induced spontaneous tumor model, the engrafted tumor model and the genetically engineered tumor model (4) . The spontaneous glioma model can be induced by chemical reagents or oncogenic virus, the course of progress and histological phenotype of spontaneous glioma model are similar to primary human glioma. However, the ambiguous genetic background and prolonged incubation limit its application. The genetically engineered tumor model is created by transgenic technology allowing the investigator to activate or turn off certain specific genes and produce the animal model with specific genetic pattern of primary human glioma (32, 33) . However, there are still great differences in pathogenesis between the genetically engineered model and human tumor (4) . Based on the good repeatability and the high penetrance, the engrafted model is still the most wildly used model for evaluating new therapeutic concepts for glioma (34) . The engrafted models are the xenograft model and the syngraft model. The failure of existing therapies necessitates investigation of new therapeutic strategies for glioma. Among these promising strategies are the activation of the specific immune response to GICs or reversing the immunosuppressive GIC-niche (35, 36) . However, the first challenge is that animal models of primary GICs faithfully reflect the interaction between GICs and the host's immune system. The pan-immune deficiency in the NOD/SCID or athymic mice obviously restricts the application of the xenograft models. A more reliable animal model for research on GICs is needed.
The GL261 originates from the brain of C57/BL6 mice, and is cultured by serial syngeneic transplantation of tumor pieces (37) . The genetic mutation pattern of GL261 is clear. GL261 is a moderate immunogenic tumor cell line with low level of MHC class I molecules, absent MHC class II molecules and moderate level of costimulatory molecules (38) . Approximately 30% of GL261 cells expressed the neural stem cell marker Nestin and could be cultured into the suspension neurosphere-like cells (GL261-NS) in stem cell defined medium. Similar to human primary glioma cells, GL261-NS has a relatively high fraction of CD133 + glioma cells, which are candidate GICs. This cell population has been reported to be low immunogenic, thus the tumor derived from GICs may model the human condition and recapitulate the immune status of glioma more reliably (39) . Tumor immunoediting plays crucial roles in the process of tumorigenesis and progression (40) . The immune pressure eliminates nascent tumor cells and results in tumor progression with reduced immunogenicity. Immune system not only eradicates tumor cells, but also shapes the malignant disease and screens out the subclone glioma cell that can gain growth advantage. The xenografts, which derived by implanting PGBM-NS into immunodeficient animal, may ignore the immune shaping process and can not mimic the progression of primary human glioma objectively. The innate and specific immune responses in the syngeneic model make this model an improvement over xenograft models to reflect the interaction between GICs and immune system and to investigate promising immunotherapy on GICs. Our model confirmed that the incubation period of GL261-NS glioma in C57/BL6 mice is longer than that in NOD/SCID mice (data not shown). GL261-AC could survive and form a tumor in immunodeficient mice, but the same amount of GL261-AC could not grow into a tumor in immunocompetent mice. The prognosis of immunodeficient mice bearing glioma derived by GL261-NS was much worse than that of immunocompetent mice. These results suggested that the immune system carried out a selective pressure on GICs in the process of tumorigenesis and progression.
In conclusion, implantation of GL261-NS into C57/BL6 mice is a reliable syngeneic graft model since it is indeed a highly reproducible and easy-to-establish model system that can reflect the interplay of GICs and immune components. However, we should still pay attention to the immunologic changes induced by the implantation itself. The discrepancies in neoplastic mechanism and progression between mouse implantation model and human GBM always exist. Moreover, human gliomas could have different genetic mutation patterns that induce various malignant biologic behavior, we do not imagine modeling the diverse primary gliomas with single one kind of animal model. The above data urge us to modify our animal glioma model further and create different kinds of animal models with specific genetic mutations in order to mimic the human malignant glioma more accurately.
